Microfluidic acoustophoretic cell/particle separation has gained significant interest recently. The motion of cells/particles in acoustophoretic separation is commonly analyzed by using a one-dimensional (1-D) analytical model in a "static" fluid medium, while the effects of acoustic streaming, viscous boundary layers, and 2-D/3-D geometries are usually not considered. This makes it challenging to accurately predict the motion of cell/particles. Here a numerical modeling method for accurately analyzing the acoustophoretic motion is presented by including the aforementioned effects in the model. The first-order pressure and the second-order streaming velocity are first calculated by using a higherorder finite difference method. Then, acoustophoretic force is calculated based on the force equation proposed by Gorkov and is applied to the Newton's second law to calculate the acoustophoretic motion. The effects of acoustic streaming, viscous boundary layers, and 2-D geometry on the motion of cells/particles are studied by comparing them to 1-D modeling results. Since the acoustophoretic motion depends on the vibroacoustic properties (e.g., density, compressibility, and size) of particles/cells, these properties can be estimated by optimally fitting the experimental and simulated trajectories. The properties of polystyrene beads obtained from experimental results through the presented numerical analysis show good agreement with data reported in literature.
INTRODUCTION
Microfluidic, acoustophoretic separation of cells/microparticles can have relatively high energy efficiency and high throughput when compared with other separation methods using dieletrophoretic, magnetophoretic, and inertia forces [1] . In the previous work on microfluidic acoustophoresis, the time-averaged acoustophoretic force is derived based on the first-and second-order acoustic pressure and particle velocities. It is then represented in terms of the first-order acoustic pressure and particle velocities only [2, 3, 4] . In particular, the acoustophoretic force equation, proposed by Gorkov [4] in Ref 4 , is represented in terms of the derivatives of the first-order acoustic pressure and particle velocities, that can be applicable to arbitrary 2-D or 3-D acoustic fields in an inviscid, static fluid medium. In the acoustophoretic force representations, the effects of moving fluid media, viscous boundary layers, and acoustic streaming are not considered. In this paper, a numerical method including the aforementioned effects is presented to accurately predict the acoustophoretic motion of cells/microparticles.
In the proposed method, zeroth-order fluid flow fields and first-and second-order acoustic fields are firstly calculated by using a perturbation method and a six-order finite difference method. Here, the zeroth-order fluid flow is obtained to consider the effects of the moving fluid medium and the viscous boundary layers on the first-order and second-order acoustic fields. In addition, the second-order, time-independent acoustic particle velocity is calculated as the acoustic streaming. Then, the Gorkov's equation [4] is used to calculate the acoustophoretic force in terms of the numerically-predicted, first-order acoustic pressure and particle velocities. The acoustophoretic force, the zeroth-order fluid velocities, and the acoustic velocities are then applied to the Newton's equation of motion to obtain the acoustophoretic motion of cells/microparticles.
Finally, the numerically-predicted trajectories of a polystyrene bead in a one-dimensional (1-D) static microchannel are optimally fitted to experimental trajectories to identify the properties (e.g., density and compressibility) of the polystyrene bead.
THEORY
Acoustic fields generated by an ultrasonic excitation in a microfluidic channel can be obtained from the Mass and Momentum Conservation Equations and the State Equation. These three governing equations in a compressible, isotropic, viscous Newtonian fluid medium can be then represented as
By using a perturbation method, the above equations can be decomposed into zeroth-, first-and second-order governing equations. Based on the spatial discretization and the sixth-order difference operators defined in Ref 5, the decomposed governing equations are then expressed in matrix forms. The zeroth-, first-and second-order governing equations can be solved algebraically in sequence with the appropriate boundary conditions. This procedure is described in detail in Ref 5 . By substituting the calculated first-order acoustic pressure and particle velocities into the equation proposed by Govkov [4] , the acoustophoretic force can be calculated. In the proposed modeling procedure, the viscous drag force and the acoustophoretic force are only considered since the effects of other forces such as buoyance, gravity, and hydrodynamic focusing forces on the acoustophoretic motion are much more insignificant than the viscous and acoustophoretic forces. From the Newton's second law of motion, the cell or microparticle's equation of motion is represented as [5] , 
In Eq. (2), v pj is the cell or microparticle's velocity in the j-direction (j = x or y), r pj is the cell or microparticle's position, K is the dynamic viscosity of the fluid medium, a is the radius of the cell or microparticle, m p is the mass of the cell or microparticle, F aj is the acoustophoretic forces in the j-direction, v mj is the total time-independent fluid medium velocity in the j-direction including the zeroth-order fluid flow velocities and the acoustic velocities. In this case, the acoustic streaming is included in the v mj terms. Eq. (2) is solved for the cell or microparticle's location and velocity vectors by using the fourth-order Runge-Kutta method.
SIMULATION RESULTS AND DISCUSSION
The simulation setup is shown in Fig. 1 . As shown in Fig. 1 , an acoustic excitation is applied on both the sidewalls. The fluid medium is water and the fluid flow at the inlet of the microfluidic channel is set to be parabolic with a spatially-averaged velocity of 14 mm/s at the upstream boundary (see Fig. 1 ). The excitation frequency is determined at the first half-wavelength resonance frequency in the y-direction (i.e., f = 2.117 MHz). The numerically-predicted, first-order acoustic pressure and acoustic streaming velocities are shown in Fig. 2 . Fig. 2(b) , the grid numbers are 5714 in the x-direction and 50 in the y-direction.
In Fig. (2b) , the four vortices of the acoustic streaming, can be observed, whose the maximum velocity amplitude is significantly small.
For a simulation of microparticle's motion in the microfluidic channel in Fig. 1 , the density, compressibility and diameter of the microparticle are set to be 1050 kg/m 3 , 2.25×10 -10 Pa -1 , and 10 µm, respectively. In order to present the effects of the acoustic streaming, the microparticle's trajectories are calculated in two cases including and excluding the acoustic streaming velocities. These two cases are presented in Fig. 3 . It is shown that in Fig. 3 , the acoustic streaming has an insignificant effect on the microparticle's motion and thus it can be ignored in analyzing the acoustophoretic motion in the microfluidic channel. By comparing experimentally-measured and numerically-predicted microparticle trajectories, the density U p and compressibility ȕ p of a microparticle and the acoustic excitation amplitude P 1 can be optimally determined. In this paper, the acoustophoretic motion of polystyrene beads is experimentally recorded in a microfluidic channel. Since the excitation is applied in a large area on one of the microchannel's sidewalls, it is assumed that 1-D plane-wavelike acoustic fields are generated in the microchannel for the numerical prediction. The density of the polystyrene bead is reported as 1050 kg/m 3 and the compressibility, in the range of 2.1~2.4×10 -10 Pa -1 [6] . The radius of the polystyrene bead is 5 µm that is measured from the recorded microscopic images. By fitting the experimental trajectories of the polystyrene bead to the numerically-predicted ones, the optimal parameters are identified. The resulting acoustic pressure amplitude P 1 is 1.12×10 5 Pa that can be considered as the first-order acoustic pressure amplitude in the microfluidic channel. The optimal density U p is identified to be 1057.87 kg/m 3 with the maximum variation of 0.52%. The optimal compressibility ȕ p is 2.4×10
-10 Pa -1 that is in line with the reported range of 2.1~2.4×10
-10 Pa -1 [6] .
CONCLUSION
In this paper, the numerical method including the effects of moving fluid media, viscous boundary layers, and acoustic streaming is proposed to accurately predict the acoustophoretic motion of cells/microparticles. Through the numerically-predicted trajectories of a microparticle, it is shown that the magnitude of the acoustic streaming velocities in the simulation setup in Fig. 1 is significantly small and thus does not affect the acoustophoretic motion of the microparticle significantly. Additionally, the density and compressibility of the polystyrene bead are identified by optimally fitting the numerically-predicted and experimentally-measured polystyrene bead's trajectories. The identified optimal properties of the polystyrene bead are close to the reported values.
